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NACA ARR No. I5J02b
NATIONAL ADVISORY COMMITTEE FOF AERONAUTICS

ADVANCE RESTRICTED REPORT

EFFECT OF PROPELLER-AXIS ANGLE OF ATTACK ON THRUST

DISTRIBUTION OVER THE PROPELLER DISK IN RELATION
TO WAXE~-SURVEY MEASUFENENT OF THRUST
By Robert E. Pendley

SUMMARY

Teste were made to investigate the variation of
thrust distribution over the propeller dlsk with angle
of pitoh of the propeller thrust axis and to determine
the disposition and the minimum number of rakes neces=-
sary to measurs the pPropeller thrust. The tests were
macde at a lnw ¥ach number for a low end e hlyth blade
angle rith the »ropeller onersting at three smuall angles
of pitch, snd some of the tests were rensated at a higher
¥ach nurber. The data obtained show that, for small
angles of niteh, lsrge chanues occur in the energy distri-
butlion in the wake whicl: nrohiblt the use of a single
survey rake for thrust -essure—ent in flight teste and
limit the use of a single reke in wind-tunnel tests.
Under certain conditions, the ensrgy distribution in the
walre took on & symretrical form and two dlsmetrically
opposed survey rakes were shown to be satisfactory for
obtaining prooeller thrust.

INTRODUCTION

In many osses a total-pressure survey rake is a
more desirable means for measur:.ng propeller thrust than
a force svstem because not only the total thrust can be
obteined from wake-survey data but alse the action of the
elements along the proveller onlade can be analyzed. In
flizht tests propeller thrust can be measured only by
wake surveys since a satlsfectory thruat meter nZaz not
yot besn develoned. In wind-tunnel investigations of
propellers, however, the thrust obtained by use of & forge
system often differs considerably from that obteinad Ly
single-rake wake-survey measurements.
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In reference 1 the lack of agreoment betwsen the
thrust obtained by wake surveys and by force tests was
explained as the result of hub drag esnd increase in body
drag due to the slipstreem. In reference 2, rublished
later, promeller=-thrusteaxis inclination to the froe=-
stream flow was shown to affect wako-survey moasurements
since large variations 1n the distributisn of thrust
over the proansller dlsk were found to nccur with veria=-
tions 1n angle of piltch or yaw. Some of the lack of
agrecment in the measurements of referensze 1 might
tharefore hava been caused by a small angle of pitech or
¥aw of the proncller thrust axis, although the hub drag
and the increase 1n body drag undoubtedly contributed to
the leck of agrcement. The effoct of propeller-thruste
axis inolinati~n to tho free-sircam flow on wako=survey
measuremgnts was further verified by tests made in tho
Langley 8-foot high-speed tunnol. In these teusts, large
differences in the thrust measured by a force system and
by a single survey rake were found with the model et.an
angle of cttack of 1%, but excellont agrcement was
obtained when the tssts wore mede at an angls of
attack of 0°.

Tho present tests were made in the Langley 8-foot
hlgh=gpced turmel to inveatigate the varinticn of thrust
dlstribution over the propeller disk with angle cf plteh
of the propcller thrust axis and to detormine the number
and radlal position of wako-survey rokes necessary to
obtalin the vropeller thrust. Survey mecasurcments with
e single raks wer: made ut alx cqunlly spaced radial
posltions ercund the proveller dizk. T3 tosts were
made at three smell anglss of attack of the propeller
thrust axis for a high and a low blade anglo and at
two Mach numbers, The effoct of longitudinal position
of the rake was not investigated.

SIMBOLS

The aymbols used berein aro dofined as followss

propeller diameter, feot
advancc=dieameter ratioc (V/nD)
froe~-strcam Mach number

propeller rotational spaed, revolutions per seccond
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r statlon radlus, feet
rs . wake-survey-station radius, feet
preopeller tip radius, feet
frea-stream velocslty, feot ver second
secticn relative alr veloelty, feet ner second
radial statlon (r/R)
radial statlon at survey nlane (rg/R)

wake-survey thrust coefflcient minua force-test
thrust cceff'iclent :

thrust-coefflclent gradiont

wake-survey thrust coetficlent

angle of attack of nroreller thruat axis, degrecos
soction blade angle at 0,75 radlal stution, degrees
propulsive efficiency

angle of rotatlon measurzd in directlon of propeller

rotation from vertical axis (filg. 1), degrees

APPARATUS AND MCTIODS

The teatas were conducted in the Langley 8=-foot highe
spsed tunnel with a two-bhlade right-hanl propsller l feet
in diameter and having an HACA L=(5.9)(07)~03.5-B hlade
design of NACA l6-aarles sections,

Blade form curvss for ths nropeller are given in
Fizure 2. The provcller was designed to Lave a minimum
energy loss in the walre. ‘The plter distribution used in
the design of the propeller 1s that obtalaed by assuning
all sections of th: blades to be operating at the same
freo-stroam veiocity, The dasign conditinons w:zre for a
free-stream Mach nwiber of 0,600, an advance-diameter
ratio of 2,70, and a powser coefflcient of 0.167,
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The body on which the propeller was tested (fig. 3)
was deslgned to have a high critical Mach number,
fuselage shape was the NACA form 11l. (Ses reference 3.)
The wing of the model extended through the tunnel walls and
. was fastened to the balance ring. The airfoil had a
20-inch chord, was 9 percent thick, and had modified
NACA 66-series sections.

The forward 7.4 percent of the fuselage was used as
a spinner contalning the propeller hub, The propeller
plane was located at 3.8 percent of the fuselage length
to give a spinner dlameter equal to 15 percent of the
propeller dlameter., A small gap between the oropsller
and the spinner surface was sealed by sponge rubber
cemented to the blades in order that no radlal outflow from
the splnner along thc blades could occur,

The 200=-horsepower induction motor used to turn the
propoller was 10 inches 1In dismeter and 30 inches long
end wes housed within the fuselage., The motor housing
was mounted on ball bearings coaxlal with the shaft and
was prevented from rotating under the torque reaction by
a hydraulic unit that transmittod the torqus force to a
scale.,

Thrust was measured simultaneously by force tests
and by walle surveys. The force tests were made by use of
the tunnel drag balance, which gives the resultant force
on the model along the tunnel axis, Propulsive thrust
was computed &s thls resultant force nlus the drag of the
model without the propoller, For thrust measurement
by wake surveys, a total-pressure survey rake was located
radlally in n plane verpendicular to the tunnel axls
18 inches (0.37% dlameter) behind the provoller plane and
bolted to the tunnel wall. The effect of longltudinal
poaition of thec survey rake was nct investigated; the
- longlitudinal position used anproximated that of the testa
reported in refvrenc: L. Complete tosts wore mads for the
rake mountad in each of the six equally »aced positions
around the propeller disk, Tho rake was Tree of the model
at all times and cxtended to witixin sbout 0,25 ineh of the
fuselage surfece, The tubos of the rake were srranged to
measure the waks from radial stations of about 0.35 to 1l.15.
Although the proneller wake was shift-d at the survey station
by tha fusvlage, thls arrangoment provided complete measure~
ment of the thrust distribution on the blad: for all condi-
tions tested. The rale was connectcd to an inclined-tube
manometer and the pressures werec rccorded photogravhically,
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The force-test data have been reduced to the usual
thruat and power coefflclents and have been corrected for
the equivalent frse-stream veloclty (refersnce 5) and for
the buoyancy effect on model drag that occurs as a result
of tunnel-wall constraint.

because of the consiraint cof the tunnsl walls, the
eqQulivalent free-stream alrspeczd corresponding to the
thrust and torque of the propeller measured at each
rotatlionul sp=sod differs from the tunnel datum veloclty,
This correction wa:s evaluatad by surveys of velocity in
thruo planes -~ immedlately in front of, immadlately behlingd,
and at the propeller tip., The veleclty survevs extended
from the tunnel wall to the propeller tip. Ths correction
was evaluated from thase data by the mrthod of referencs 5,
This correction, which was small, has besn applled in the
detorminatlion of the wvalnes of the udvance«dlameter ratioc.

Because of the slipstream contraction, the alr passing
outside tl.o slipstrgam uderzoes an incresse in static
prossvre with dlstance downstrowm from the provrollor,

This increese in atatle pressurs givss risc to a buoyancy
force on the .odel, The measured tarust bhas becen corracted
for the buoyancy offuect. The correction was deterauined
from measursments of ths static-pressure gradient in the
tunnel alr stream, These messurem:nts were mude for the
complete reng: of thrust loading and Mach numhor covered

in this test,

The wakc-survey thrust coeffloient was computed from
measurements of static-prossure and tetal-prcossure changes
in the waike of the propeller, An explanation ef the method
used 18 given Iin rslerence 6,

Data wers obtalned for blade angles of 2G° and 53°©
measured at tha 0.75 radius; the propeller was tested at a
blado angle of 26° at a free=-streci Mach numbar of 0,30
and a blade angle of 53° at froc-sticam Wach mumbers of 0,30
and 0,43, The tests woere mads wilta the propeller thruat
axlys at angles of cttack of 20 pnd L© for the lower Tlach
numbsr ané of 2° only for the highor idash numbar hocauss: of
lift-load 1limit, At an uppor vertical rake position, taosts
wore made at an addlitlonal thrust axis angl: of =zttuck of 1°
for a blade angle of 539,

Thes data presented herein may be applied to propsller
opsration in yow by rotating thu refcrency uxis from which
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the survey position is measured through 90° or thréugh
the appropriate angle for conditions of combined pitch
and yaw,

RESULT3 AND DISCUSSION

In computing the thrust coefficient from data obtalned
with a single survey rake, the assummtion 1s made that no
variation in the flow about the rroneller blade occurs
during a revolutlon. In other words, 1t 13 assumed that
the radial thrust dlstribution is ldentical for all angular
positions around the propeller disk and therefore that
the survey-rake measurements arc independent of rake poasie
tion, This condition exists only wken the free-stream
flow 1s narallel to the propaller thrust axis and the body
interference on the propeller 1s uniform about the thrust
axis, iilhen th: propeller thrust axls 1s inclined to the
flow, each blade secticn operates at a varylng angle of
attack as 1t turns through a revolution,

If the vropeller axls 13 at a posltive angle of
attack and the propeller 1s operating at a constant
advance-diametcr ratio, the blacde ssctions in the right
half of the dlsk for a right-hand nroneller will have a
greater anglc of attack than those in the left half, This
condition 1s 1llustruted by the vector dlagram of figure 4
in which 1t 13 also evide:nt that changes cccur in the
resultant velocit of the blade scctions, If the effects
of 1nduced velocity are naslected, the forward veloclty
for a sectlion at a propeller-tirust-axis ngle of attack
of 00 and zt any angular locaticon ® 13 shown by a solid
1line in figure 4 with the resultant veloclty W making
an angle of attack « with the sectlion, If the oroneller
axis 13 given a small positive angle of attack with the
free-streoam flow, a section wiltlhh angular locations of
elther = 0° or o= 180° will have an insignificunt
change in 1ts angle of attacik; but, as the acction rotates
from w = 09, 1ts angle of attaclk will inereasc to &
mexirmm value at o = 909, will return at ¢ = 180° to
the valus for ®w = 09, and wil) decrease to a minimum
value at w = 270° from which it will increase to the
orizinal =ngle of attack at w= 0° Ths wvzloclity-vector
diggrams for a4 sectlon at mexiium end minlmum angles of
attack are also shown in figure 4! the long~dush-line
vectors rupresent the maximum condition at « = 900 and
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the short-dash-line vectors the minimum conditlion at

®w= 2709, At the conditions of maximum and minimum ssc-
tion snglc of atteck, the ungles between the originul

and dfsplaced forward-veloclty vectora ure equal to the
propeller-thrust-axis angle of attack., These varlations
in aazcetlion ansle of wttack and resultant velocit; cause
an irregular wake, Thils 1rrezularity in the wake 1s
clearly the effect of inclinatlon of the propeller axis
to the free-stream flow and iu ot related to vody inter-
ference,

The nltched attltude of the propellor results ‘n a
shift of the wzke rclative to the fuselarme., Flgure 1,
which shows the wake shift for angles of wttacik of 2°
and Lo, indlecates thnt a rake locatsd In the unver half
of the disk will msasure more of tho wak: than a rake
in the lower half,

It 1s very evident that thess wake lrregulurities
ronder a 3ingle survey raks of 1ittle valuo for caleu-
lating the provellsr thrust conificlent when the thrust
axia 1s Inclined to the dircction of tho free stream,

The aifect of the wake irregularitics 1s illustrated in
figure 5 in which thrust-coefflclent-gradient curves are
shown at a conatant propeller thrust coefficiunt for

rako positions (with: the axciphtion of thie 300° pozition)

at 60°-Intervals for a blade sngle of 5%° und at an

angle of attaclz of %0- Vory largs walo changos nr2
apparent, When the wake-survey tarust coefflcisnt obtalned
by Integzration of thrust-coafflecloat-gradlont curves is
plotted for o range of advance-diameter rutlo, the curves
obtaincd compare gs chown la figwres ¢ to 8 with those of the
force-test thruat coafflcient for tiie same conditlons of
propeller operction.

Tha chanse in thrust loeding as the blade turna
through a revolutlion 1is shown in flgure 9 a8 the differonce
botwecn the Intcgrated waks-survey thrust coefflcieont
and the force-tast thrust coufficleat at a constant .dvaice-
diameter ratlo us reud from flgures 6 to 8, Sines the curves
in these figures for the wakg-survey and the ferce-test
measurcments urae nearly parallel, thls plot will be
practlcally the same for the ontire rangs of advance-
dlaeter ratio up to the point of stall,

From the ssction angle-of-sttr2ck variation of a
pltched propoller, the curves of ACp would b: expected




8 NACA ARR No, I5702b

to pass through 0 at w = 0° and w®= 180° and their
points of maximum amplitude would be exd»ected to be at
W =909 and w = 2700. Hotation of the propeller wake,
however, causes a shift of the curves ln the direction
observed, but this shift 1a of the order of only 3°

to 50, The large renulnder of the shift 1s unauccounted
for but moy be caused by the osecillation of the angle

of attack of the blade sectlons with a resulting lag of
scotion forc ¢ wlth angle-of-attack changes.

The curves of flgure 9 show the amount by which the
wake-survey thrust coefflclent obtained by use of a single
rake may differ from the actual proveller thrust coeffl-
cisnt. The difference between these thrust coefficlents
for the blade angle of 53° at op = 4© viries to maximunm
values gbout 100 percent greater and 100 percent less
than the thrust coefflcient foir maximum efficlency for
that blade angle, which mayr be read for ap = 20 from
figure 10, Tho maxlmum difference for the low blade
angle of 26° at the same thrust-axls angle of attack 1is
about L0 percont greater and Li0 psrcent less than the
thrust coefflelent for maximum efflclency at that blade
angle, A%t propellor thrust cocfflclents smaller than
those at maximum elflclency, these percentagss are, of
course, larger and, convorsely, at propeller thrust coef-
filclents grester than those at maxlmum efflclency, the
percentagcs arc smaller.

An average of measured wake=survey thrust coefficlants
obtalned from surveys made of the irregular wake of a
pltched or yawsd propeller by a numbur of equally apacad
rakes would be expacted to azraee with the propeller thrust
coefficlent more clocely a3 the nurber of rakss 1s
increased, In figurc 11 comparisona are prescated of
the average wale-survey thrust cooflicient for all six
rake locations wlth the corresponding force-test thrust
ceefficient as read from the cwves of flgures 6 to d,

At tae thrac’ coefflelent for marimun efficisncy, for
the blade unz'e of 539, the averuage wake-survey thrust
ccefficlont is about é percent lowsr than the progoller
thrust coefficlent and, for the blado sngle of 26°, the
wake-survey measurement 1s about L nercent lcwer,., Thase
ara the maxlmum valucs of the differcncs between the
propeller thrust coefficicent and the wak -survey thrust
coeffliclont at the thrust coeffi~-ient for maxlmum effl-
clency; this dlfference 1s primarily the result of
neglecting the static-pressurs varlatlion in th: wake.
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The effect of neglecting the static-pressure variation

in the wake was detsrmined from tests with a rake of both
static-~ and totel-nressure tubes., The wake-anurvey thrust
coefficieont was calculated by use of the actual stutic
pressure along the rake atid then recalcu’ .ted with tle
assumnptlion of free-stream static rreassure along the ralie.
The curves of wal'z-survey thrust coeificicnt as calculated
by thess two mothods are »resented in figure 12, At the
thrust coeffizlient for mavimun efficicncy, the assumntion
of free-straam statlc pressure is shown, rfor Loth blade
angles, to cause the calculated wake-survaey thrust coelll=-
clent to bte about Li,5 percent lower than that cbtained bw
use of tihw actual pressure.

The symmetry of ths ACp-curves cof figure 9 suigests
that the average of the thrusy cosfliclents from two
diametrically ovposed ra-es willl be 2qual to the nropeller
thrust coefficient. Tne difference, at all points around
the disk, betwuen force~test thrust coefficient.and avoragze
wake-survsy thrust coefficlent feor two dlametriecally
opposed rakes 55 precented 1a figure 13. The curvsa wers
cbtained by averaging values ol ACp at polnts 1800
apart on the curves of figure 9 for prositlons all around
the dis’t and rlotting th2 valuss obtained agninst rake
position, Thase curves show the laecit ¢f symootrr of the
. ACp=variation. Execspt for the curve et the high blade
angle and high thrast-axlic angle of attacl, the curves
show that o - versge of the wake-zurvey thrust cosfflcelionts
Ffrom two Aluw:- .trically omrosed rake3 la lower than the
propeller thrust cocitlclent »y an umount equal to 9 to
5 percent of the thrust coefflizient for maximum efflcluency.
This diffurence indlcautza that the two-rake installatlon will
prove saclsfactory when the static-presasure varlation is
inciuded in the calculstlons 3:.0 when ths provellesr is
operating under conditisnesluilatr to thos: used hareln,

Two dlametrlcally opposed ra'tzs providc an averag? thrust
coafilicisnt equal %o the nreneller thrust coafficlent

because of the symmetry of the Sp-curvzs; two diumetrically
opposed raies will trherifore o lnsuffisient In casns In
which these curves nre nonsymmotricil. deonaymrebricsl

body interferencc around the propn:llaxr disk Inducod by

thisk wings, lurge scoops, cocplt ewncples, or similar
bodles will dustroy the symnetry of the aCp-curvsa und so
preclude fhe uso of only two raxes.

The recommen@ed positions for an Installution of two
rakes ls for scveral reasocns at the points of maximum
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and minimm loading: PFirst, the early compressibility
and stall losses at these polnts can be cbserved (refer-
ence l;); second, the rate of change of ACT with radial
rake position 1s smaller near these voints than at other
positions; end last, the 1lnstallation 1s more practical
for flight tests, 1n which the rakes should be mounted
horizontally because of larger changes in pltch than in
yaw.

In two-rake installations in which the rakes are
not radial to the propaller axis, the thrust obtalned
from each rake wlll corresrond to that of a radial rake
located In some nosition between the values of w for
the innsrmost and outermvst survey tubesa., If the two
equlvalent radial posltions for the two nonradlal rakes
intersect at an angle other than 180, tha avsrage of
the two thrust valuss for those posltions will be equal to
propellsr thrust only for the conditions of zero angle of
piltch and yaw. If the egulvalent radlal raks posltions
occur near the polints of maximum amplitude of the AGT-curves,
however, the error of ths nonradial installation will be
less than if the equivalent posltions occur nesar points
of zero ampllitude where the slope of the curves 1is stespest,

CONCLUSIONS

From tests made to determlne the effect of survey-
rake position around the disk of a pltchid propeller on
the measurement of propeller thrust and ito determine the
disposition and minimum number of rakes necessary to
:saaure tho thrust, the fcllowing conclusions can be

rawns

1« Propeller oparation at small angles of nltch or
Yaw causes large varlations in ths distribution of energy
in the wake.

2+ Unless the rropslier ls onerating at zero angle
of rnitch or yaw and ths body interference on the rro-
pellor 1s uniform about the thrust axis, one survey
rako 18 insufflelent for obtaining propellor thrust
since differences of more than 100 percent may oceur
between actual thrust and thrust calsulated from the
wake-survey measurements, :
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3. If the variation of the difference in the wake-
survey thrust coefficlent and the force-test thrust
coefficlent wlith nitch or yaw is symetrical and if
atatic pressure variations in the walre are considered,
two dlametrlcally orposzd rales may be used to meusure
oropeller thrust.

Langley lMemerial Aeronautical Laboratory
Fational Advisory Committee for Aeronautics
Langley Field, Va.
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